Among 1280 cultured and wild adult Mediterranean mussels, Mytilus galloprovincialis, collected over a 1-year surveillance period from the Slovene Adriatic Sea, 0.3% were histologically positive for the presence of Marteilia spp. The infection was concentrated in winter. Employing the molecular methods of PCR, cloning, DNA restriction and sequencing, only Marteilia refringens type M was detected in all the infected mussels. Although all life-cycle stages of M. refringens severely infected digestive glands, only sporadic disruption of epithelial cells of digestive tubules and focal destruction of digestive tubules were observed in the infected mussels. This was the first detection of M. refringens in M. galloprovincialis from the Slovene Adriatic Sea with the lowest prevalence reported to date. In addition, our results highlight the need for sequencing to complement the established PCR-RFLP analysis for correct parasite typing.
Introduction
Marteiliosis is caused by protozoan parasites of the genus Marteilia, phylum Paramyxea, which encompasses several species, some of them fully characterized like Marteilia refringens (Grizel, Comps, Bonami, Cousserans, Duthoit & Le Pennec) and Marteilia sydneyi (Perkins & Wolf) and others only characterized from a morphological point of view including Marteilia christenseni (Comps) and Marteilia lengehi (Comps) (Berthe, Le Roux, Adlard & Figueras 2004) . It has been reported in association with mortalities in European flat oysters, Ostrea edulis (Linné), and mussels Mytilus edulis (Linné) and Mytilus galloprovincialis (Lamarck) (Grizel, Comps, Bonami, Cousserans, Duthoit & Le Pennec 1974; Villalba, Mourelle, López, Carballal & Azevedo 1993b; Berthe et al. 2004 ). In addition, parasites M. refringens have been observed in other oyster and mussel species, in cockles and several clam species (Ceschia, Zanchetta, Sello, Montesi, Antonetti & Figueras 2001; Berthe et al. 2004 ; López-Flores, Garrido-Ramos, de la Herrán, Ruiz-Rejón, Ruiz-Rejón & Navas 2008a; López-Flores, Robles, Valencia, Grau, Villalba, de la Herrán, Garrido-Ramos, RuizRejón, Ruiz-Rejón & Navas 2008b; Pascual, Villalba, Abollo, Garci, González, Nombela, Posada & Guerra 2010) . Infection with M. refringens is listed as one of the reportable diseases by the World Organization for Animal Health (OIE).
In Europe, marteiliosis has been described as a disease of flat oysters, O. edulis, Mediterranean mussels, M. galloprovincialis, and blue mussels, M. edulis, caused by M. refringens (OIE 2011) . The first descriptions of M. refringens were recorded in the early 1970s in flat oysters (Grizel et al. 1974) . In 1982, Comps, Pichot & Papagianni discovered a new species of the genus Marteilia, i.e. Marteilia maurini, on the basis of ultrastructural characteristics in Mediterranean mussels from the Venice lagoon. This finding was later contradicted by the fact that these two Marteilia species cannot be differentiated either on the basis of ultrastructural characteristics (Longshaw, Feist, Matthews & Figueras 2001) nor by 18S rRNA gene sequences of Marteilia spp. isolated from oysters and mussels (Berthe, Le Roux, Peyretaillade, Peyret, Rodriguez, Gouy & Vivares 2000) . In further studies targeting the ITS-1 region of the rRNA gene cluster, two genetic types of Marteilia spp., linked to the host species, were confirmed in Europe: M. refringens in oysters and M. maurini in mussels (Le Roux, Lorenzo, Peyret, Audemard, Figueras, Vivarès, Gouy & Berthe 2001) . However, field studies (López-Flores, de la Herrán, Garrido-Ramos, Navas, Ruiz-Rejón & Ruiz-Rejón 2004; Novoa, Posada & Figueras 2005) showed that there is no strict correlation between Marteilia types and host species. Due to the lack of host specificity in addition to high similarity in the IGS region of the parasite genome (López-Flores et al. 2004) , M. maurini was considered as a junior synonym of M. refringens.
The infection of healthy bivalves occurs when the sea temperature is higher than 17 °C (Audemard, Barnaud, Collins, Le Roux, Sauriau, Coustau, Blachierd & Berthe 2001; Carrasco, Arzul, Berthe, Fernandez, Dufort & Furones 2008) . It persists over the year with peaks in prevalence in warm summer months (Villalba et al. 1993b) , and is most frequent in the shallow coastal sea (Fuentes, Villalba, Zapata & Alvarez 1995; Robledo & Figueras 1995) and in the polluted sea areas (Rayyan, Damianidis, Antoniadou & Chintiroglou 2006) . High salinity inhibits the infection (Ceschia, Mion, Orel & Giorgetti 1992 ). In mussels, M. refringens is a potentially lethal pathogen (Villalba, Mourelle, Carballal & López 1993a) ; it causes a haemocytic infiltration of epithelial cells and connective tissue of the digestive gland (Villalba, Mourelle, Carballal & López 1997) . Heavy infection results in the massive destruction of digestive gland and death of the host (Figueras, Jardon & Caldas 1991; Villalba et al. 1997; Rayyan et al. 2006) .
The transmission route of infection is still unknown. Direct transmission of M. refringens between flat oysters by co-habitation, injection and feeding was unsuccessful (Comps & Joly 1980; Berthe, Pernas, Zerabib, Haffner, Thébault & Figueras 1998; Perkins 2005) . These results suggested the involvement of other species in the transmission of the parasite. In the context of a study carried out in the claire ponds, the copepod Paracartia (Acartia) grani (Sars G.O.) appeared as a potential intermediate host for M. refringens Audemard, Le Roux, Barnaud, Collins, Sautour, Sauriau, De Montaudouin, Coustau, Combes & Berthe 2002) . Subsequent experimental works allowed transmission of the parasite from infected oysters or mussels to P. grani, but never succeeded in transmitting the parasite from copepods to naive bivalves (Audemard et al. 2002; Carrasco et al. 2008) . By using PCR to screen zooplanktonic samples collected in the Ebre Delta (Catalonia, Spain), Carrasco, López-Flores, Alcaraz, Furones, Arzul 2007 and Carrasco et al. (2008) found several species positive including copepods Paracartia (Acartia) latisetosa (Kritchagin), Acartia discaudata (Giesbrecht), Acartia clause (Giesbrecht), Acartia italica (Steuer), Oithona sp., Euterpina acutifrons (Dana), and larval stages of decapod crustaceans.
The Slovene sea -a part of the Gulf of Trieste, the northernmost end of the Adriatic Seawith its shallowness, constant inflow of fresh water and many other factors highly influencing the temperature, oxygenation and salinity, which vary considerably, represents a specific and rich habitat (Lipej, Orlando-Bonaca & Makovec 2004; Richter 2005) . The health status of cultured and wild Mediterranean mussels in the Slovene Adriatic Sea regarding Marteilia spp. was almost unknown prior to the present study. In 2004, a surveillance system of shellfish farms of Mediterranean mussels, the only shellfish species cultured in the Slovene sea, was established, and 150 cultured Mediterranean mussels were collected annually in late spring and summer and inspected for the presence of Marteilia spp.. To date, all official samples tested negative for the presence of Marteilia spp.. The fact was quite strange, knowing that these protozoa are widespread from the Atlantic to the Persian Gulf (Bower 2011 ) and were detected also in the northern Adriatic (Ceschia et al. 1992; Zrnčić, Le Roux, Oraić, Šoštarić & Berthe 2001) . To clarify such a phenomenon, we performed a study in which the cultured and wild Mediterranean mussels were monthly collected and inspected for the presence of Marteilia spp., and their dynamics in connection with the sea temperature, oxygenation and salinity was established. This paper is the first documentation of M. refringens infection of M. galloprovincialis in the Slovene Adriatic Sea. Prior to this study, all samples that were annually collected in the spring and summer tested negative for the presence of this protozoa.
Materials and methods

Sampling sites and field measurements
Mediterranean mussels, M. galloprovincialis, were collected from two sites in the Slovene sea: a mussel farm and the natural mussel beds. One sampling per month was performed from November 2007 to October 2008, i.e. 12 samplings from the mussel farm and 11 from the natural beds as the collection of wild mussels proved to be impossible in the month of December due to the stormy sea. From 20 to 40 adult mussels were collected at each sampling, at a depth of approximately three metres. In total, 1280 adult Mediterranean mussels including 960 from a mussel farm and 320 from the natural beds were collected.
Water temperature, oxygenation and salinity were measured at each sampling at the exact point where Mediterranean mussels lived. Water temperature and oxygenation were measured using a thermometer MultiLine P4 -Oxi 320 Set with a dissolved oxygen sensor CellOx 325 (WTW, Germany). Water salinity was measured using a hand-held refract meter S/Mill-E 0-100‰ (ATAGO, Japan).
Laboratory procedures I: sample preparation, macroscopic and microscopic analyses
Within one hour after collection, live adult mussels were transported to the laboratory in a classic cooling bag. The shell and the flesh of mussels were macroscopically inspected for eventual abnormalities or lesions. A standard section through the visceral mass, including mantle, gill and gonads, was performed. Samples were immediately placed into 10% formalin solution for not longer than 24 hours at room temperature, and were routinely paraffin embedded. Four µm thick sections were stained with haematoxylin and eosin (HE) and one slide per mussel was examined with a Diastar light microscope (Reichert-Jung, USA) for the presence of Marteilia spp.. HE-stained sections were rated according to the degree of the Marteilia spp. infection, using the Villalba"s et al. (1993b) scale: (i) no infection -no parasites detected, (ii) mild infection -parasites confined to the stomach epithelium, (iii) moderate infection -less than 10% of digestive tubules infected, and (iv) severe infection -more than 10% of digestive tubules infected.
Morphometric analyses were performed on tissue slide photographs, using a DS-U2 digital camera (Nikon, Japan) and Microphot FXA microscope (Nikon, Japan). Measurements of the protozoa were performed using the NIS-Elements BR computer program (Nikon, Japan) as follows: the length and the width of 100 randomly selected Marteilia spp. (including different developmental stages) were measured and the average values of measured parameters were calculated.
Laboratory procedures II: molecular analyses
Molecular methods were employed for the species and type determination of Marteilia spp.. Before further processing, paraffin from the tissue sections of the infected mussels was removed by xylene extraction according to the protocol for fixed tissues included in the QIAamp DNA Mini and Blood Mini Handbook (Qiagen, Germany). From the deparaffinised samples, total DNA was extracted using the commercially available QIAamp DNA Mini Kit (Qiagen, Germany) according to the manufacturer"s instructions. Purified DNA, together with type O and type M positive control DNA obtained from the EU Reference Laboratory for Mollusc Diseases (France), was subjected to PCR amplification of M. refringens-specific genomic segments using primers Pr4 and Pr5 targeting the ITS-1 region (Le .
The obtained PCR products were cloned using the TOPO TA Cloning Kit (Invitrogen, USA) according to manufacturer"s recommendations, and positive clones were then selected for plasmid DNA purification by FastPlasmid Mini Kit (Eppendorf, Germany). Twenty clones per PCR-positive mussel were tested again by PCR and subjected to RFLP (restriction fragment length polymorphism) analysis using HhaI (Promega, USA). The selected plasmid DNA suspensions (n = 6) were bidirectionally sequenced using the BigDye Sequencing Kit (Applied Biosystems, USA) and Pr4-Pr5 primers. The obtained sequences, of which the three unique ones were deposited in the GenBank database under the accession numbers JQ898012, JQ898013 and JQ898014 (belonging to clones c15, c18 and c19 from mussel m1, respectively), were compared with those included in GenBank using the blast algorithm (Altschul, Madden, Schaffer, Zhang, Zhang, Miller & Lipman 1997) . Some ITS-1 sequences from M. refringens were downloaded from GenBank and included in the phylogenetic analysis with sequences obtained in the present study. Sequence alignment was performed using the ClustalX v.2 (Larkin, Blackshields, Brown, Chenna, McGettigan, McWilliam, Valentin, Wallace, Wilm, Lopez, Thompson, Gibson & Higgins 2007) program with gap opening and gap extension penalties of 15 and 6.66, respectively, and its presentation was adopted from Le . The presence of five unambiguous differences defining the two types O and M, i.e. at nucleotide positions 323, 344, 348, 349 and 353 according to Le Roux et al. (2001) was manually inspected. A phylogenetic tree was computed using MEGA v.5 software package (Tamura, Peterson, Peterson, Stecher, Nei & Kumar 2011) with Kimura 2-parameter substitution model (Kimura 1980) and Neighbor-Joining tree reconstruction method (Saitou & Nei 1987) supported by bootstrap analysis with 1000 resamplings (Felsenstein 1985) .
Results
No abnormal mortality was detected in mussel farms during the one-year sampling period. Neither macroscopic abnormalities nor lesions were detected in the examined mussels. However, four out of 1280 mussels (0.3% prevalence of infection) tested positive for protozoa of the genus Marteilia. In all cases, the infection was severe. All the infected mussels were from mussel farms. M. refringens was detected in January, February, August and December, with 1.25% prevalence. The severity of infection and the sea temperature, oxygenation and salinity data for the months when positive mussels were collected are shown in Table 1 . The average sea temperature varied from 9.1 °C in winter to 24.1 °C in summer, the average sea oxygenation from 11.6 mg L -1 in winter to 7.6 mg L -1 in summer and the average salinity from 37.25 g L -1 in winter to 38.1 g L -1 in summer.
Different life-cycle stages of Marteilia spp. were seen in the epithelial cells of stomach, digestive gland ducts and tubules of all the infected mussels. Early stages (primary and secondary stages), prevailing in the two less severely infected mussels, consisted of spherical to elongated multinucleated cells, up to 12 µm in length, predominately nested in the epithelial cells of digestive ducts. In all the infected mussels, numerous pseudoplasmodia (i.e. sporangiosorus or primary cells) from 13.3 µm to 21.8 µm in diameter, enclosing eight spherical sporonts (i.e. secondary cells) from 4.7 µm to 7.2 µm in diameter, were seen in the epithelial cells and lumina of digestive gland tubules and ducts (Fig. 1) . Each sporont contained two to four round spores (i.e. tertiary cells) from 1 µm to 2.1 µm in diameter and light refractile inclusion bodies. Some free spores were also seen in the lumina of digestive gland tubules in all the infected mussels.
Sporadically disrupted epithelial cells of digestive tubules and single necrotic digestive tubules were observed in all the infected mussels. In the two less severely infected mussels, a moderate diffuse haemocytic infiltration with focally distributed granulocytomas in digestive gland connective tissue was observed, whereas in the two more severely infected mussels with all the tubules being infected, there were no alterations in connective tissue.
Intracellular ciliates were observed with a prevalence of 24.4% in the tested mussels, but no ciliates were noticed in mussels infected with M. refringens. All histologically detected Marteilia-positive mussels appeared positive by PCR indicating the presence of M. refringens. The reaction was weakly positive in the less severely infected mussels (lanes 3 and 4 in Fig. 2 ) and strongly positive in mussels where all digestive tubules were infected (lanes 1 and 2 in Fig. 2 , belonging to mussels m1 and m2). For cloning, PCR products from the two more severely infected mussels m1 and m2 were selected and 20 clones per mussel were tested by PCR-RFLP. All the obtained restriction profiles were identical to M. refringens type M, except one of them which displayed a type O profile (Fig. 3) . Six clones were selected for sequencing including the clone which showed a type O restriction profile: clones c18 (JQ898013; clone full name was 11193_2c18), c19 (JQ898014; 11193_2c19) and c20 from m1, and clones c21 and c22 from m2, in addition to clone c15 (JQ898012; 11193_2c15) from m1. Sequences confirmed the PCR-RFLP results. Indeed, five of the obtained sequences showed three HhaI restriction sites (GCGC) at the expected nucleotide positions for M. refringens type M, while one sequence (clone c15 in Fig. 4 , i.e. clone x from Fig. 3 ) showed two HhaI restriction sites at the expected positions for M. refringens type O due to a deletion at nucleotide position 345 which prevented HhaI digestion at the third GCGC site; clone c15 showed a type "M-like" sequence profile (type M characteristics at 323, 344, 349 and 353 discriminative nucleotide positions and type O at 348) and differed also at a nondiscriminative position 289 (Fig. 4) . However, all the six obtained clone sequences displayed maximum identity (99-100%) with M. refringens type M and more especially with parasites detected in Adriatic Sea (AB513427, DQ426553, DQ426550). The phylogenetic analysis clearly grouped the six sequences including the sequence displaying a type O restriction profile with other M. refringens type M sequences (Fig. 5) .
Discussion
The prevalence of infection with M. refringens in mussels from the Slovene sea was 0.3%. This is the lowest prevalence of marteiliosis in Mediterranean mussels described to date, as it was reported for the Ebre Delta in Spain to range from 1.67% to 26.67% (Carrasco et al. 2007 (Carrasco et al. , 2008 , for Galicia from 5.5% to 38.5% (Robledo & Figueras 1995) (Ceschia et al. 1992) , 19.3% for Albania (Pëllumb, Ceschia & Kapllan 2006) , and from 37% to 70% for northern Brittany (Auffret & Poder 1983) . However, these differences might be due to the differences in sampling size or period, but on the other hand, transmission of infection among the mussels from the Slovene sea could be restricted.
M. refringens was more frequently detected in mussels from the Slovene sea during winter, i.e. in December, January and February, and only once in August. With all the positive cases from our study, free sporangia could be observed in the lumen of digestive tubules. Other authors Carrasco et al. 2008) reported that the infection of healthy bivalves correlated with the sporulation of Marteilia spp., which occurs in spring and summer when the sea temperature is above 17 °C and decreases in winter when sporangia primordia of M. refringens do not develop (Berthe et al. 1998) . On the other hand, Carrasco et al. (2007) reported the presence of sporangiosori with mature sporangia in 50% to 75% of the infected mussels also in winter with a sea temperature of 8 °C, although mature spores were not released in the lumen of digestive tubules. The reported prevalence was very low and did not exceed the value of 3.34% reported by Carrasco et al. (2007) for January, which was the lowest prevalence reported to date. Marteilia spp. was detected in Spain from February to October (Carrasco et al. 2008) , in Greece from May to November (Photis, KyriaziPapadopoulou, Pneumatikatos, Kaldrymidou & Kanakoudis 1997) , in Croatia in August (Zrnčić et al. 2001) and in Italy in April and from June till September (Ceschia et al. 1992) . Ceschia et al. (1992) reported that high salinity also inhibits the infestation. In our study, the infection with Marteilia spp. was detected also in August, when the salinity was high (39 g L -1 ); however, the effect of salinity on marteiliosis should be regarded with care as to date, there have not been many reports regarding its influence on the infection.
Despite the initially apparent discrepancy between PCR-RFLP and sequencing results, we can conclude that all mussels found infected with M. refringens from the Slovene sea were only infected with M. refringens type M. Three polymorphic sites could be observed between the six obtained sequences including a deletion in the HhaI restriction site used to discriminate types O and M. This result highlights the need of sequencing in addition to RFLP for correct parasite typing.
Based on histological examination, the infection of mussels appeared quite severe, although only sporadically disrupted epithelial cells of digestive tubules and several totally destructed digestive tubules were observed. Similarly, Robledo & Figueras (1995) observed that the presence of M. refringens plasmodia in the epithelial cells of stomach and primary digestive tubules did not cause any pathohistological changes, however heavy infection resulted in almost complete destruction of digestive tubules. Likewise, Figueras et al. (1991) and Villalba et al. (1997) reported that heavy infection resulted in massive destruction of digestive gland, which was most extensive during the release of spores from sporangia. In the two less severely infected mussels from our study, a moderate diffuse haemocytic infiltration with focally distributed granulocytomas in digestive gland connective tissue was present. In the two most severely infected mussels, there were no alterations in the connective tissue. Villalba et al. (1993b Villalba et al. ( , 1997 and Carballal, Villalba & López (1998) discovered that the infection with M. refringens in Mediterranean mussels may cause a significant increase of haemocytes in the connective tissue. Occasionally, granulocytomas were also formed and caused the destruction of the parasites and host cells (Villalba et al. 1993b ).
In our study, M. refringens was detected only in the cultured mussels, which was surprising since mussel seeds, designated for cultivation, were collected from the wild beds in the Slovene sea. In addition, the cultured mussels grow in very similar conditions as the wild ones, including density and sea parameters. We can speculate that the observed phenomenon is possibly a consequence of a very low prevalence, and on the other hand, of the lower number of mussels collected from the natural beds due to the inclement weather conditions in winter, when the infection in mussels mostly occurred. It is also possible that the cultured mussels are more susceptible to the infection due to the reduced host defense caused by certain stressful events, i.e. removal of the mussels from the small socks, their cleaning and redistribution into bigger socks in the middle of the cultivation period. In our study, the observed phenomenon may also be a consequence of the location of mussel farms, which lie in the semi-closed small bays, whereas natural beds are located in more open sea areas. This assumption is in accordance with Robledo & Figueras (1995) and Fuentes et al. (1995) , who found that the infection with Marteilia spp. is more frequent in the shallow sea near the coast. We could not find data in the literature on the prevalence of infection with Marteilia spp. in wild Mediterranean mussels, and to the best of our knowledge, it has never been reported that the cultured mussels are more susceptible to the infection. Robledo & Figueras (1995) reported an increase from 8.3 to 29.6% in the mortality of Mediterranean mussels, which was correlated to the intensity of infection (Villalba et al. 1993b) . No abnormal mortality was detected in mussels from the Slovene sea during the sampling period; however, the number of positive samples was too low to enable comparison or further conclusions.
Intracellular ciliates of mussels were also observed in the tested mussels, however there was no cross infection with M. refringens (Gombač, Makarovič, Fonda & Jenčič 2011 ). We could not find any data in the literature reporting the co-infection with intracellular ciliates of mussels and Marteilia spp..
The involvement of copepods in the life cycle of M. refringens could be possible, since A. clausi (Malej 1979; Turk, Bajt, Kovač, Horvat, Milačič, Mozetič, Ramšak, Ščančar & Malej 2001) , A. latisetosa, Oithona sp. and indeterminate harpaticoida, which appeared positive for Marteilia sp. by PCR (Carrasco et al. 2007 (Carrasco et al. , 2008 , are present in the shallow areas where the mussel farms are located throughout the year (Hure & Kršinić 1998) . These observations questioned the involvement of copepod species and host specificity of M. refringens and demonstrate the need of further studies on the parasite life cycle.
To conclude, the infection with M. refringens type M in Mediterranean mussels from the Slovene sea is sporadic and the lowest reported to date. Although it is severe, it seems that the impact on the host is minimal and the transmission restricted. The infection is not seasonal, but is concentrated in winter, when sporulation also occurs, at temperatures lower than 10 °C, very high salinity and low oxygenation values. These results suggest that changes in the annual surveillance schedule should be taken into consideration for this part of the Adriatic Sea and winter sampling should be included in the surveillance plan. Figure 2 PCR amplification of Marteilia refringens-specific genomic segments using Pr4-Pr5 primers (Le . Lanes 1-4: Marteilia-positive mussels from the present study (1-2: heavily infected mussels m1 and m2, 3-4: less severely infected mussels), Lanes 5-8: positive controls (5-6: heavily infected mussels, 7-8: type O and M positive control DNA), Lanes 9-10: negative controls, Lane L: SimplyLoad 100 bp DNA Ladder (Lonza, Switzerland). 
